When 24 different aerobic organisms were grown in a shaken culture, all were found to first absorb gas from the headspace. In a rudimentary medium, such as tryptic soy broth, 16 of the 24 organisms did not produce gas following the initial gas absorption. We have developed a simple, noninvasive method for detecting both gas absorption and production in multiple culture vials. The time to positivity was compared with that obtained by the BACTEC 460 blood culture system. For nearly all of these organisms, there was no difference. For some of those organisms that did not produce gas, e.g. Staphylococcus epidermidis, MoraxeUla osloensis, and Neisseria meningitidis, detection by gas absorption was a few hours faster. Gas absorption appears to be a promising technique for a new automated blood culture system because of its simplicity and because medium without special additives can be used to detect organisms that do not produce gas.
Since no organisms are recovered from 85 to 90% of clinical blood cultures, much laboratory time and effort is wasted processing unproductive specimens. This has led to the development of instruments to monitor a large number of culture vials for growth, reporting the few suspicious ones for further investigation. Although several screening techniques have been tried, the only one in widespread use detects the production of carbon dioxide from organisms growing in culture medium. These are the BACTEC systems (4) , originally from Johnston Laboratories, which detect either radioactive (10) (BACTEC 225, 301, and 460) or nonradioactive (5) (BACTEC 660 and 730) carbon dioxide. Recently, the BacT/Alert system from Organon Teknika (8) , which also detects carbon dioxide, has come into use in several laboratories.
In studying the broader mechanism of gas production by growing organisms, we noticed that all the aerobic organisms we tested, when grown in agitated fluid medium, first absorbed gas from their ambient atmosphere. Some later produced gas, but many, when grown in a rudimentary medium without special additives, did not. We developed a simple measuring system (11) (11) . If the nipple had no stiffness, the gas pressure inside the bottle would equal that in the test chamber. At the end of the test cycle, the chamber was vented, the LEDs were turned off, and the shaker turned on.
Changes in the volume of the gas in the bottle caused by gas production or absorption can be detected by monitoring the history of the reference vacua, plotted by the computer, For anaerobic cultures, sterile bottles were flushed with BACTEC anaerobic gas flowing through a cannula. While still flushing, anaerobic blood culture medium, e.g. Thiol broth (Difco), was aseptically poured into the bottle, the inoculum was added, and a sterile nipple and cap were applied.
BACTEC 460 procedure. Growth and detection times for some of the slower-growing organisms were compared with those for the BACTEC 460 (Becton Dickinson Diagnostic Instrument Systems, Loveton, Md.). Aerobic cultures were tested in 6B soybean-casein digest broth-aerobic and anaerobes were tested in 7D tryptic soy broth-anaerobic. BACTEC bottles were inoculated in parallel with the test bottles, although not at all dilutions. Room air was used as the aerobic culture gas, and a mixture of 85% nitrogen, 10% hydrogen, and 5% carbon dioxide was used for anaerobes. Bottles were agitated on the same shaker and tested every 3 to 4 h during the work day only. Growth Index values were plotted and interpolated to determine the BACTEC detection time corresponding to a Growth Index of 30 (all aerobes, except 20 for one or two nonfermenters) or 20 (anaerobes).
Sterile bottles containing blood. Blood from healthy volunteers was drawn into sterile yellow-top tubes (BD Vacutainer 4960) containing 1.7 ml of 0.85% sodium chloride with 0.35% sodium polyanethol sulfonate (SPS) anticoagulant, for a total volume of 10 ml. Test bottles with 30 ml of headspace were inoculated by pouring the tube's contents into the bottle. Test bottles, along with uninoculated normal TSB controls, were tested every 30 min for at least 7 days.
RESULTS
Effect of agitation. There was a dramatic change in the shape of the reference vacuum curves when the cultures were agitated. Figure 2 shows control and two cultures with equal inocula of Serratia marcescens with and without agitation. The abscissa (x axis) is the reference vacuum with zero vacuum (i.e., atmospheric pressure) at the left and increasing vacuum to the right. The ordinate is elapsed time running from top to bottom of the page. To better demonstrate changes, the three traces have been moved laterally to overlap which is permissible because the absolute value of the vacuum is irrelevant. Detection of bacterial growth is determined by observation of a deviation from the smooth curve generated by a culture with no growth. The unagitated culture shows a decrease in vacuum after 18 h, caused by gas production. In the agitated culture, in contrast, there is a rapid increase in the reference vacuum, caused by gas absorption, after 9 h, and 3 h later, a very rapid decrease caused by gas production. The data for agitated and unagitated controls are essentially identical for the first 48 h. All further work with aerobes was done with the cultures agitated.
Decimal dilutions. A typical series of curves for decimal dilutions of the inocula for Pseudomonas aeruginosa grown in TSB is shown in Fig. 3 , the first five curves demonstrating growth and gas absorption while in the sixth (control), the inoculum had been diluted to extinction. The circled points are where detection was assumed to occur. Table 1 shows whether there was gas absorption and production in agitated test cultures with the detection time for the smallest inoculum that gave growth, nominally 1 to 10 CFU. Cultures of anaerobic organisms were not agitated and all showed only gas production.
Comparison of detection times. For logistical reasons, it was possible to make this comparison for the eight slower- slightly more gas absorption (curves drifted towards higher vacuum) over the whole 7 days, 0.5 vs 0.2 lb/in2 for controls.
DISCUSSION
In a sealed vial, oxygen from the headspace gas dissolves in the fluid culture medium until equilibrium is established. An organism growing in the culture medium can absorb oxygen only from its surrounding fluid so oxygen must diffuse from the headspace across the gas-liquid interface to replenish that used. This diffusion is a slow process limited by the surface area of the gas-liquid interface. Agitation, by continuously exposing a new surface for diffusion, accelerates oxygen absorption. Our results showed that in the absence of agitation, oxygen absorption from the headspace gas was so slow that it was overtaken by the production of gas, presumably carbon dioxide, from the culture. Hence, agitation of the fluid in the culture vials is i system to function optimally. Since it has lished (e.g. Weinstein et al. [12] ) that al cultures gives faster detection of positive mandatory requirement anyway.
Ahnell (1) studied the effect on gas pres space gas when oxygen-consuming bacteria agitated medium and noted an initial abso that were slower in BACTEC, some are known to present problems to the radiometric system. For gitation of blood A limitation of the system described here is that the cap must cultures, it is a be changed after inoculation because of the inability of the nipple to withstand autoclaving. A later development has sure in the headreplaced the nipple with a bellows-shaped diaphragm which were cultured in protrudes above the cap and can be autoclaved without rption of gas for rupture. several organisms. Ahnell also showed logarithmic growth curves similar to those in Fig. 4 . He found a strain of Streptococcus bovis that did not show gas absorption, just copious gas production; we did not observe such behavior. Ahnell's result may have been an artifact caused by the very large initial inoculum of 0.5 ml from an overnight culture (more than ten million times greater than that seen in blood cultures); the comparison BACTEC 460 bottle with the same inoculum gave a positive reading in only 3 h. Ahnell noted that it has long been known that many bacteria consume oxygen, but it has been thought that no vacuum would be produced because the oxygen was replaced by evolved carbon dioxide. He quotes Arthur's (2) comment that "In a closed system, as bacteria utilize oxygen and create carbon dioxide, there is no effective change in pressure." Thus, a carbon dioxide absorber is always included in any system, e.g., a Warburg apparatus (9) , that attempts to measure oxygen consumption.
BACTEC 460 is still widely used, although no longer manufactured, and has been shown to have as good (5) or better (13) performance than the newer nonradiometric BACTEC systems. It is just less convenient to use. In our comparison with BACTEC 460, in no case was BACTEC faster than gas detection. Most organisms, however, were detected at about the same time in both systems. Of those
